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Abstract
Considering that the soft SUSY breaking scalar masses come from a vac-
uum expectation value of the D-term for an external gauge multiplet, the
renormalization of the scalar masses is related to the gauge anomaly. Then, if
the external gauge symmetry is anomaly-free and has no kinetic mixing with
the other U(1) gauge symmetries, the scalar masses are non-renormalized at
all orders assuming that the gaugino masses are negligibly small compared
with the scalar masses. Motivated by this, we construct models where the
sfermion masses for the first-two generations are much heavier than the other
superparticles in the minimal SUSY standard model in a framework of the
anomalous U(1) mediated SUSY breaking. In these models we have to intro-
duce extra chiral multiplets with the masses as large as those for the first-two
generation sfermions. We find that phenomenologically desirable patterns for
the soft SUSY breaking terms can be obtained in the models.
Supersymmetry (SUSY) is a solution to the naturalness problem in the standard
model (SM) with the fundamental Higgs boson. If the SUSY breaking scale is at
most of the order of 100 GeV or 1 TeV, the quadratic divergent radiative correction
to the Higgs boson mass is regularized by the scale. On the other hand, introduction
of the soft SUSY breaking terms to the minimal SUSY SM (MSSM) may lead to
various flavor problems. First, flavor-changing neutral current (FCNC) processes,
such as K0-K
0
mixing and µ→ eγ, are induced by the arbitrary squark and slepton
masses. Second, the CP violating phases in the SUSY breaking parameters may
generate the electric dipole moments (EDMs) of neutron and electron beyond the
experimental bounds.
It is well-known that these problems can be solved if the first and second gen-
eration sfermions are much heavier than the other superparticles in the MSSM [1].
Also, these masses are irrelevant to the naturalness for the Higgs boson masses at
one-loop level. However, these mass parameters are coupled with each other in the
renormalization group (RG) equations at two-loop level. This comes from the ǫ-
scalar contribution in the DR
′
scheme [2]. As a result, if the SUSY breaking masses
are generated at high energy scale, such as the Grand Unified Theory (GUT) scale
(∼ 1016 GeV) or the gravitational scale (M∗ ∼ 1018 GeV), the larger soft SUSY
breaking masses for the first-two generations give a large negative contribution to
those for the third generation, and the SU(3)C color may be broken [3]. This is a
big obstacle to construct models where the first-two generation sfermions are much
heavier than the other superparticles.
The structure of the RG equations for the soft SUSY breaking scalar masses can
be understood by introduction of an external (spurious) U(1) gauge symmetry [4].
The soft SUSY breaking scalar masses can be regarded as a non-vanishing D-term
for the external U(1) gauge multiplet. As will be shown later, if the Lagrangian is
invariant under the external U(1) gauge symmetry and if the gauge symmetry is
anomaly free for the SM gauge groups and has no kinetic mixing with them, the
SUSY breaking scalar masses are RG invariant at any orders, assuming that the
gaugino masses are negligibly small compared with the scalar masses. In that case,
the dangerous contribution in the RG equations for the sfermion masses leading to
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the color breaking (ǫ-scalar contribution in the DR
′
scheme) automatically vanishes.
In this letter we show that if the external U(1) gauge symmetry is anomaly-free,
the SUSY breaking scalar masses are non-renormalized at all orders neglecting the
gaugino masses. We construct models where the sfermions of the first-two genera-
tions are much heavier than the other superparticles in the MSSM in a framework
of the anomalous U(1)X mediated SUSY breaking [5, 6]. In these models, we have
to introduce additional chiral multiplets with the masses as large as those for the
sfermions of the first-two generations.
First, we review the RG equations for the soft SUSY breaking scalar masses in
SUSY gauge theories [7, 4]. Here, we use the Wilsonian Lagrangian for simplic-
ity. The bare Lagrangian for the SU(Nc) SUSY gauge theory with the soft SUSY
breaking terms is written as
L =
{
1
4
∫
d2θ SWα(V )Wα(V ) + h.c.
}
+
∫
d4θΦ†re
2V+2qrUΦr, (1)
introducing a chiral superfield S and a U(1) vector superfield U as external fields.
Here, Φr is a chiral multiplet belonging to the r representation of the SU(Nc) with
the external U(1) charge of qr, andWα(V ) is the field strength for the SU(Nc) gauge
multiplet V (V ≡ ∑aT(r)a Va). The generators T(r)a of the SU(Nc) are normalized as
Tr = 1/2 (TrT
(r)
a T
(r)
b = Trδab) in the case of r being the fundamental representation.
The vacuum expectation value (VEV) for the scalar component of S corresponds to
the gauge coupling constant (g) and that for the F -term to the gaugino mass (mg˜)
as
〈S〉 = 1
g2
(1− 2mg˜θ2). (2)
Also, the non-vanishing D-term VEV 〈DU〉 for U leads to the soft SUSY breaking
scalar masses m2r for Φr, which are proportional to qr as
1
m2r = qr 〈−DU〉 . (3)
If the bare Lagrangian is invariant under the external U(1) symmetry and the
1 The convention for the sign of the D-term is as in Ref. [8].
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U(1) symmetry is anomaly free for the SU(Nc) gauge symmetry,
∑
r
m2rTr ∝
∑
r
qrTr = 0, (4)
the scalar masses are RG invariant at all orders due to the Ward-Takahashi identity
assuming that the gaugino mass is negligible. In fact, the RG equations for the
SUSY breaking scalar masses at two-loop level in the DR
′
scheme are
µ
dm2r
dµ
=
8g4
(16π2)2
Cr
∑
s
m2sTs, (5)
ignoring terms proportional to m2g˜. Here, Cr is the Casimir coefficient of the r rep-
resentation. The right-hand side of this equation, that is the ǫ-scalar contribution,
vanishes if relation (4) is satisfied.
When another U(1)′ gauge symmetry exists and Φr has its charge q
′
r, the condi-
tions that the kinetic mixing between the internal and external U(1) gauge symme-
tries is prevented are
∑
r
m2rq
′
r ∝
∑
r
qrq
′
r = 0,∑
r
m2rq
′
r lnZr ∝
∑
r
qrq
′
r lnZr = 0. (6)
Here, Zr is the wave function renormalization for Φr.
From the above discussion, if the soft SUSY breaking scalar masses satisfy the
relations (4, 6), the mass spectrum that the first-two generation sfermions are much
heavier than the other superparticles in the MSSM is RG stable. To satisfy the
relations, however, we have to introduce additional chiral multiplets which belong to
nontrivial representations of the SM gauge groups with the negative SUSY breaking
scalar mass squared. In order not to break SU(3)C or U(1)EM , they have to have
the supersymmetric mass terms. The supersymmetric masses should be of the same
order as the SUSY breaking masses for the first-two generations so that the ǫ-scalar
contribution is not generated after decoupling of the additional chiral multiplets.
Now, we construct models which have the above properties. We adopt the
anomalous U(1)X gauge symmetry, whose anomalies are canceled by the Green-
Schwarz mechanism [9], as an origin of the SUSY breaking and identify it as the
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above external U(1) symmetry. As will be discussed later, non-trivial anomalies for
the U(1)X do not mean that the U(1)X gauge symmetry has an anomalous matter
content for the SM gauge groups below the breaking scale of the U(1)X symmetry.
In the anomalous U(1)X SUSY breaking models, the Fayet-Iliopoulos term ξ having
mass dimension one is generated of the order of O(10−(1−2))M∗ [10] and induces the
spontaneous SUSY breaking, so that the D-term contribution to the SUSY break-
ing scalar masses may dominate over the F -term contribution suppressed by M∗.
The correct treatment of the dynamics requires to include the dilaton field S in the
potential [11]. Even then, depending on the Ka¨hler potential for the dilaton field,2
the SUSY breaking can be dominated by the D-term and the contribution from the
dilaton field is also negligible [12]. We assume that it is the case and neglect the
dilaton field S, hereafter.
We choose the anomalous U(1)X charges for quarks and leptons in the first-
two generations to be 1 and those for the other chiral multiplets in the MSSM to
be 0 for simplicity. The charge assignment that the first-two generations have the
same U(1)X charges helps to avoid dangerous FCNC processes [6]. The extension
to other cases is straightforward. As we mentioned above, we have to introduce
additional chiral multiplets, ψex and ψ¯ex, with the supersymmetric masses to satisfy
the relations (4, 6). In order not to break the success of the gauge coupling unifi-
cation, we introduce n5 pairs of complete SU(5)GUT multiplets in the fundamental
representations,3
n5 [ψex(5)−4/n5 + ψ¯ex(5
⋆)−4/n5 ], (8)
where the numbers in parentheses correspond to representations of the SU(5)GUT
and the subscripts of parentheses denote the U(1)X charges.
4 If we take n5 > 4, the
2 In general, the Ka¨hler potential for the dilaton field S can be written as KS(S+S
†− δGSX).
Here, X is the U(1)X gauge multiplet and δGS is a constant. The D-term dominated SUSY
breaking occurs when K ′′S ≫ K ′S , where prime denotes derivative with respect to S.
3 Alternatively, we can also introduce
n10 [ψex(10)−4/3n10 + ψ¯ex(10
⋆)−4/3n10 ], (7)
or combinations of Eq. (7) and Eq. (8) maintaining the relations (4, 6).
4 In fact, this charge assignment satisfies only the one-loop and two-loop parts of Eqs. (6),
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SM gauge couplings blow up below the GUT scale.
Before constructing explicit models, we review the anomalous U(1)X mediated
SUSY breaking and sketch how to realize the above idea. We introduce a SM singlet
φ field with U(1)X charge −4/n5, and take the SU(Nc) gauge theory with one flavor
Q and Q¯ both of which have U(1)X charges 4/n5 [5]. The tree-level superpotential
is given by
W =
QQ¯
M∗
(
fφ
2
φ2 + fψψexψ¯ex
)
. (9)
The dynamical superpotential for Q and Q¯ induced by the SU(Nc) gauge interaction
[13] leads to
〈
QQ¯
〉
6= 0. Then, the D-flatness condition of the U(1)X
ξ2 − 4
n5
|φ|2 − 4
n5
|ψex|2 − 4
n5
|ψ¯ex|2 + · · · = 0 (10)
is not compatible with the F -flatness conditions and SUSY is broken. Moreover, if
fψ is larger than fφ, the VEVs of the ψex and ψ¯ex fields vanish and the φ field gets
the VEV of order ξ, so that the SM gauge groups remain unbroken. It can be seen
by looking that the scalar potential V behaves as
V ∼
∣∣∣∣∣QQ¯M∗
∣∣∣∣∣
2
(|fφφ|2 + |fψψex|2 + |fψψ¯ex|2), (11)
satisfying the condition Eq. (10) to the leading order of
〈
QQ¯
〉
/M2∗ .
At the minimum of the potential, the D-term DX of the U(1)X and the super-
symmetric mass Mex for the extra chiral multiplets ψex and ψ¯ex are written by using
the condensation of QQ¯ as
〈−DX〉 = n5
4
∣∣∣∣∣∣
fφ
〈
QQ¯
〉
M∗
∣∣∣∣∣∣
2
, Mex = fψ
〈
QQ¯
〉
M∗
.
The nonvanishing D-term generates the SUSY breaking scalar masses according to
Eq. (3). Note that the squared masses for the scalar components of the ψex and
ψ¯ex fields given by |Mex|2 − 4 〈−DX〉 /n5 are positive under the condition fψ > fφ.
We find that the masses for squarks and sleptons of the first-two generations are
that is,
∑
r qrq
′
r = 0 and
∑
r Crqrq
′
r = 0. Thus, the RG equations for the SUSY breaking scalar
masses receive three-loop contributions of order O(α3α2αY ). These contributions, however, cause
no phenomenological problem.
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the same order as those of the scalar components of additional chiral multiplets ψex
and ψ¯ex, so that the relations (4, 6) are satisfied at almost all the energy from high
energy scale down to the weak scale. Thus, there are no large radiative corrections
to the third generation sfermions due to the RG equations.
It is essential for the RG stability that supersymmetric masses for the φ and ψex,
ψ¯ex fields are comparable, that is,〈
∂2W
∂φ2
〉
∼
〈
∂2W
∂ψex∂ψ¯ex
〉
. (12)
Then, the U(1)X charge for the φ field should be equal to those for the ψex and ψ¯ex
fields as long as the couplings fφ and fψ are the same order. Indeed, for the purpose
of the SUSY breaking only, we could also introduce the superpotential
W =
QQ¯
M∗
(
fφ
(n + 2)!
φn+2
Mn∗
+ fψ ψexψ¯ex
)
, (13)
assigning an appropriate U(1)X charge to the singlet field φ. In this case, however,
the soft SUSY breaking scalar masses ∼ √−DX ≃ 〈∂2W/∂φ2〉 are smaller than the
supersymmetric mass Mex ≃
〈
∂2W/∂ψex∂ψ¯ex
〉
for the ψex, ψ¯ex fields by a factor of
(〈φ〉 /M∗)n ≃ (ξ/M∗)n. As a result, the relations (4, 6) do not hold between the two
scale
√−DX and Mex, giving large negative contributions to the third generation
sfermion squared masses. Although it is possible to make phenomenologically viable
models in this case, we concentrate on the case where Eq. (12) holds with fφ ≃ fψ
and the relations (4, 6) are satisfied at almost all the energy.
In order to generate the complete Yukawa matrices, we have to introduce a field
with U(1)X charge −1 which has a VEV of the order of ξ, since otherwise the mixing
between the first-two generations with the U(1)X charge 1 and the third generation
with the U(1)X charge 0 is not allowed. In the above simplified model, however, the
φ field has a U(1)X charge −4/n5, so that we have to choose n5 = 4 resulting in the
asymptotic nonfreedom of the SM gauge couplings. Thus, we instead introduce two
singlet fields φ1 and φ2 which have U(1)X charges −1 and 1− 8/n5, respectively.
We, here, construct explicit models taking n5 = 2 for simplicity.
5 We introduce
Nf flavors Q
i and Q¯ı¯ (i, ı¯ = 1, · · · , Nf) of the SU(Nc) gauge theory (Nf < Nc). The
5 When n5 = 2, the charge assignment of the U(1)X for the first-two generations and the
additional chiral multiplets is the same as that of a U(1) in E6 for 27.
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tree-level superpotential is
W =
QiQ¯ı¯
M∗
(
fφ
ı¯
i φ1φ2 + fψ
ı¯
i ψexψ¯ex
)
, (14)
and the dynamical superpotential is generated as [13]
Wdyn = (Nc −Nf )
(
Λ3Nc−Nf
QQ¯
) 1
Nc−Nf
, (15)
where Λ is the dynamical scale of the SU(Nc) gauge theory. The dynamical degrees
of freedom can be expressed by meson fields
M iı¯ = Q
iQ¯ı¯. (16)
Then, the full superpotential is expressed as
W =
1
M∗
φ1φ2Tr(fφM) + (Nc −Nf)
(
Λ3Nc−Nf
detM
) 1
Nc−Nf
. (17)
Here, we have ignored the ψex and ψ¯ex fields which have vanishing VEVs provided
that fψ is sufficiently larger than fφ. The D-term is
−DX = g2X
(
ξ2 + 4Tr
√
M †M − |φ1|2 − 3|φ2|2
)
, (18)
along the SU(Nc) flat directions.
The minimum of the potential can be obtained by making an expansion in the
parameter (Λ/M∗)
(3Nc−Nf )/Nc ≪ 1. To the leading order, the VEVs of the fields φ1,
φ2, and M at the minimum are given by solving the following equations:
|φ1|2 + 3|φ2|2 = ξ2, (19)
|φ1|2
(
(Nf −Nc)|φ1|2 +Nf |φ2|2
)
= 3|φ2|2
(
(Nf −Nc)|φ2|2 +Nf |φ1|2
)
, (20)
(M−1)ı¯i
(
Λ3Nc−Nf
detM
) 1
Nc−Nf
=
fφ
ı¯
i
M∗
φ1φ2. (21)
From Eqs. (19, 20), we find that both φ1 and φ2 fields have nonvanishing VEVs of
the order ξ, and the VEV of the M field is given by Eq. (21) as
〈φ1〉 ≃ 〈φ2〉 ≃ ξ, 〈M〉 ≃ Λ
3Nc−Nf
Nc
(
M∗
ξ2
)Nc−Nf
Nc
. (22)
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Then, the complete Yukawa matrices are generated through the VEV of the φ1 field
suppressed by the suitable power of 〈φ1〉 /M∗ ≃ ξ/M∗ [14]. Since we have chosen the
Higgs bosons to be neutral under the U(1)X , this explains why the third generation
quarks and leptons are much heavier than the first-two generation ones [15].6
The auxiliary fields are determined as
− F †φ1 =
1
M∗
φ2Tr(fφM), (23)
−F †φ2 =
1
M∗
φ1Tr(fφM), (24)
−DX = 2Nf −Nc
Nc
1
ξ2M2∗
(|φ1|2 + |φ2|2) |Tr(fφM)|2 . (25)
From Eq. (25), 2Nf must be larger than Nc in order to give the positive SUSY
breaking squared masses for the first-two generation sfermions. Inserting Eqs. (22)
into Eqs. (23, 24, 25), we get
− F †φ1 ≃ −F †φ2 ≃
(
Λ3Nc−Nf
ξ2(Nc−Nf )M
Nf
∗
) 1
Nc
ξ, −DX ≃
(
Λ3Nc−Nf
ξ2(Nc−Nf )M
Nf
∗
) 2
Nc
. (26)
Note that there are the following useful relations among the D-term and the F -
terms:
−DX ≃
∣∣∣∣∣−Fφ1〈φ1〉
∣∣∣∣∣
2
≃
∣∣∣∣∣−Fφ2〈φ2〉
∣∣∣∣∣
2
. (27)
So far, we have considered that the U(1)X have an anomaly-free matter content
for the SM gauge groups to satisfy the relation (4). However, the U(1)X has to
have anomalies for any gauge groups, so that there must be chiral multiplets χ and
χ¯ which carry the U(1)X anomalies for the SM gauge groups. Since the U(1)X is
broken, these chiral multiplets can get the supersymmetric masses of the order ξ
through the coupling with the φ (φ1 and/or φ2) fields as
W ∼ φχχ¯, (28)
6 If we assign the different charges among the first-two generation quarks and leptons, it may
be possible to obtain more realistic mass matrices.
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provided that these fields are vector-like under the SM gauge groups and have ap-
propriate U(1)X charges.
7 Then, the gaugino masses are induced at one-loop level
as [16]
mg˜ ≃ α
4π
(−F¯φ
〈φ〉
)
, (29)
where α denotes the SM gauge coupling strength. The sfermion masses of the same
order are also generated at two-loop level. This seems the hybrid scenario with the
gauge-mediated SUSY breaking. However, the existence of the messenger fields χ
and χ¯ is not the extra assumption but the natural consequence of the anomalous
U(1)X gauge symmetry [17].
We finally discuss the soft SUSY breaking parameters. In the present models,
there are three contributions, that is, U(1)X D-term induced mD, gravity mediated
mF , and gauge mediated mG pieces,
mD ≃
√−DX ,
mF ≃ −F¯φ
M∗
≃ ξ
M∗
(−F¯φ
〈φ〉
)
≃ ξ
M∗
mD,
mG ≃ α
4π
(−F¯φ
〈φ〉
)
≃ α
4π
mD.
(30)
Here, we have used Eq. (27). The SUSY breaking scalar masses for the first-two
generationsm1,2, those for the third generation or Higgs bosonsm3,h, gaugino masses
mg˜, and analytic trilinear couplings A for the sfermions are given by
m21,2 ≃ m2D + m2F + m2G,
m23,h ≃ m2F + m2G,
mg˜ ≃ mG,
A ≃ mF .
(31)
From Eq. (30), we find that the relation mD ≫ mF ≃ mG holds in a generic
parameter region. In that case, we obtain phenomenologically desirable spectrum
at the low energy, which solves the FCNC and CP problems naturally by making
7 It may be inevitable that the squared masses for the third generation sfermions get negative
contributions through the RG equations above the decoupling scale of χ and χ¯. However, we can
make these negative contributions smaller than the positive contributions induced by the gravity
or gauge mediation.
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the first-two generation sfermions much heavier than the other superparticles in the
MSSM. The point is that this mass spectrum is RG stable, since relations (4, 6) are
satisfied due to the extra chiral multiplets ψex and ψ¯ex.
In conclusion, we have considered that the soft SUSY breaking scalar masses
come from a vacuum expectation value of theD-term for an external U(1) gauge mul-
tiplet. Then, if the external gauge symmetry is anomaly-free and has no kinetic mix-
ing with the other U(1) gauge symmetries, the scalar masses are non-renormalized
at all orders, assuming that the gaugino masses are negligibly small compared with
the scalar masses. Motivated by this, we have constructed the anomalous U(1)X
mediated SUSY breaking models. In a generic parameter region of the models, the
sfermion masses for the first-two generations are much heavier than the other su-
perparticles in the MSSM, which solves various flavor problems such as FCNC and
CP ones. We hope that the present models give a new possibility in constructing
the models which have such a hierarchical mass pattern of superparticles.
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